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INTRODUCTION 


Purpose 

The  purpose  of  this  report  is  to  develop  a computer  simulation 
of  the  TCM  fuel  injection  system  to  serve  as  a tool  for  the 
evaluation  of  schemes  for  improved  fuel  management.  Using  the 
simulation,  the  effects  of  fuel  system  modifications  on  fuel 
flow  rate  are  evaluated  at  various  engine  operating  and 
environmental  conditions.  The  impact  of  modifications  on 
emissions  and  fuel  economy  are  determined. 

Background 

This  report  describes  work  performed  under  the  first  option  of 
Phase  III  of  National  Aviation  Facilities  Experimental  Center 
(NAFEC)  contract  DOT  FA74NA-1091  by  Teledyne  Continental  Motors 
(TCM) . Prior  testing  of  TCM  engines  under  Phase  I of  this  con- 
tract has  shown  that  a significant  reduction  in  emissions  is 
available  through  improved  fuel  management.  Phase  II  of  the 
contract  entitled  "Corrective  Measures  Determination"  involves 
an  investigation  of  concepts  which  offer  the  most  promise 
toward  achieving  the  emissions  levels  required  by  proposed 
Environmental  Protection  Agency  (EPA)  standards.  However, 
analysis  accomplished  under  a National  Aeronautics  and  Space 
Administration  (NASA)  contract  (NASA  contract  NAS3-19755) 
fulfilled  the  purpose  of  Phase  II,  eliminating  the  need  for 
duplicating  this  effort  under  NAFEC  contract  (reference  1) . 
Phase  III  of  the  NAFEC  contract  DOT  FA74NA-1091  was  concerned 
with  the  analysis,  design,  construction  and  testing  of  fuel 
injection  system  based  on  the  system  currently  manufactured  at 
Continental . 

Phase  III  was  divided  into  three  options.  The  objectives  of 
the  first  option  were: 

(1)  Define  the  fuel  system  requirements. 

(2)  Develop  a generalized  analytical  model  of  the 
TCM  fuel  injection  system. 

(3)  Measure  the  response  of  the  TCM  fuel  injection 
system  to  varied  operational  conditions. 

(4)  Refine  the  analytical  model  to  correlate  with 
system  measurements. 

(5)  Use  the  model  to  predict  component  requi  ements 
for  fuel/air  ratio  control. 
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This  report  describes  the  work  performed  under  the  first 
option  of  Phase  III.  The  second  and  third  options  were 
concerned  with  the  modification  of  the  current  system  and 
subsequent  testing.  These  options  were  cancelled  due  to  a 
proposed  elimination  of  the  emissions  standards  for  aircraft 
piston  engines. 

Overview 

To  understand  the  Continental  fuel  injection  system  and  its 
effects  on  aircraft  engine  emissions,  it  is  necessary  to 
understand  the  operating  limitations  of  the  air-cooled  air- 
craft internal  combustion  engine.  These  limitations  are 
primarily  imposed  by  cooling  requirements,  detonation  limits, 
and  acceleration  characteristics  of  the  engine.  The  Continental 
fuel  injection  system  was  designed  to  avoid  over-heating  and 
detonation  by  supplying  excess  fuel  at  high  power.  A typical 
fuel  flow  schedule  is  shown  in  figure  1,  which  shows  an  in- 
crease in  the  slope  of  the  fuel  flow  schedule  above  75  percent 
power  to  provide  additional  fuel  for  cooling.  At  cruise  power 
(75  percent)  and  below,  the  primary  consideration  is  engine 
acceleration,  although  cooling  can  be  a problem  during  aircraft 
ground  operations  (taxi) . 

In  order  to  obtain  better  cruise  economy  for  steady  state  oper- 
ation, the  Continental  system  is  equipped  with  a manual  mixture 
control.  This  control  is  a fuel  pump  bypass  which  is  used  at 
the  option  of  the  pilot  at  75  percent  power  and  below  to  reduce 
fuel  flow.  Figure  2 shows  the  benefits  of  leaning.  Although 
power  drops  with  increasingly  lean  fuel/air  ratios,  specific 
fuel  consumption  drops  approximately  15  percent  from  best  power 
fuel/air  to  best  economy  fuel/air.  Below  75  percent  power, 
manual  leaning  is  limited  by  instructing  the  pilot  to  lean  no 
more  than  50°  Fahrenheit  (F)  rich  of  peak  exhaust  gas  tempera- 
ture ( EGT) . Figure  1 shows  the  region  of  the  fuel  schedule 
where  manual  leaning  is  permitted. 

The  effect  of  leaning  on  engine  emissions  was  investigated 
during  phase  I of  (NAFEC)  contract  DOT  FA74N1091  (reference  2) 
where  it  was  found  that  leaning  generally  reduces  hydrocarbons 
(HC)  and  carbon  monoxide  (CO)  while  increasing  nitrogen  oxides 
(NO) . For  the  baseline  engines,  HC  and  CO  emissions  exceed 
(EPA)  standards.  However,  NO  emissions  are  considerably  below 
the  standards.  Therefore,  leaning  is  a means  of  reducing  the 
emissions  which  exceed  the  EPA  standards.  Improvement  must  be 
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FIGURE  1.  FUEL  FLOW  LIMITS  FOR  TSIO-360-E  ENGINE 
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made  to  the  current  fuel  injection  system  and  perhaps  the 
air  intake  manifold  to  safely  lean  for  reduced  emissions 
during  the  landing  and  takeoff  (LTO)  cycle,  where  the  engines 
are  operated  full  rich. 

Improvements  to  the  fuel  system  in  the  form  of  additional  or 
modified  hardware  cannot  be  made  without  an  understanding  of 
the  fluid  behavior  within  the  system.  Phase  III,  Option  I, 
of  the  NAFEC  Contract  DOT-FA74NA1091  was  awarded  to  Teledyne 
Continental  Motors  (TCM)  to  investigate  the  current  fuel 
injection  system  and  develop  an  analytical  simulation.  This 
simulation  is  to  serve  as  the  basis  for  quantitatively 
exploring  deficiencies  in  the  fuel  system  which  lead  to  poor 
exhaust  emissions  characteristics.  The  simulation  was  based 
on  component  behavior  as  determined  from  component  bench  tests. 
The  model  was  written  in  modular  format  to  readily  allow 
simulation  of  fuel  system  hardware  changes  for  improved  fuel 
management . 


DISCUSSION 


Description  of  the  Continental  Fuel  Injection  System 

The  fuel  injection  system  chosen  for  simulation  is  designed  for 
the  TSIO-360-E  and  LTSIO-360-E  engines.  These  engines  currently 
lead  Continental's  line  of  turbocharged  engines  for  rate  of  pro- 
duction. The  LTSIO-360-E  and  TSIO-360-E  are  counter-rotating 
200  horsepower  engines  produced  for  the  rapidly  expanding  twin 
engine  aircraft  market.  The  fuel  system  used  on  these  engines 
was  developed  by  modifying  previous  Continental  designs  and 
shares  many  common  components  with  other  Continental  fuel  sys- 
tems. The  components  of  the  system  are  shown  in  figure  3. 
Injector  nozzles  spray  fuel  continuously  into  the  intake  port 
of  each  cylinder  where  the  fuel  is  further  vaporized  by  cylinder 
air  intake.  The  fuel/air  mixture  enters  the  combustion  chamber 
when  the  intake  valve  opens.  The  amount  of  fuel  delivered  is 
determined  by  engine  speed,  turbocharger  discharge  pressure, 
throttle  angle,  and  ground  trim  adjustments. 

A schematic  of  the  fuel  injection  system  used  on  Continental 
turbocharged  engines  is  shown  in  figure  4.  The  heart  of  the 
system  is  a rotary  vane  pump  which  is  driven  at  a 1:1  ratio  by 
the  enqine  and  delivers  flow  in  direct  proportion  to  engine 
speed.  The  pump  is  bypassed  by  the  variable  orifice  and  idle 
relief  valve  which  to  a large  extent  govern  the  output  pressure 
of  the  pump.  As  more  flow  is  bypassed  at  a constant  pump  speed, 
pump  pressure  drops.  The  idle  relief  valve  is  effective  at  low 
pump  speeds  and  is  ground  adjusted  to  set  the  minimum  pump 
discharge  pressure  at  idle.  The  variable  orifice  is  ground-ad- 
justed to  trim  pump  pressure  at  full  power.  The  action  of  the 
aneroid  adjusts  the  variable  orifice  rod  to  increase  pump  dis- 
charge pressure  with  increasing  turbocharger  discharge  pressure. 
This  aneroid  action  tends  to  increase  fuel  flow  as  air  density 
increases  with  turbocharger  pressure,  tending  to  hold  a constant 
fuel/air  ratio.  However,  no  compensation  for  ambient  air  temper- 
ature effects  on  air  density  are  made,  as  the  aneroid  is 
insensitive  to  temperature. 

From  the  pump,  fuel  flow  to  the  engine  is  metered  by  an  orifice 
which  is  directly  linked  to  the  air  throttle.  The  size  of  the 
orifice  is  a function  of  the  throttle  position.  Orifice  size 
tends  to  increase  as  the  throttle  is  opened,  increasing  fuel 
flow  as  manifold  pressure  and  enqine  airflow  increase.  Fuel 
pressure  downstream  of  the  throttle  valve  (metered  fuel 
pressure)  is  fed  to  the  manifold  valve  and  nozzle.  The  rate  of 
fuel  flow  entering  the  cylinders  depends  on  the  fluid  pressure 
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FIGURE  3.  FUEL  INJECTION  SYSTEM  HARDWARE 
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of  the  fuel  relative  to  the  reference  pressure  of  the  nozzles. 
For  turbocharged  engines,  turbocharger  discharge  pressure  is 
used  as  a nozzle  reference  pressure.  The  manifold  valve, 
nozzle  lines,  and  nozzles  are  factory  calibrated  as  a unit  so 
that  fuel  flow  rate  is  a set  function  of  metered  fuel  pressure 
(figure  5).  The  function  of  the  manifold  valve  is  to  distri- 
bute fuel  flow  to  the  individual  fuel  nozzles  and  to  abruptly 
chop  the  fuel  flow  when  metered  fuel  pressure  drops  below  the 
idle  cutoff  level. 

Fuel/air  mixture  ratio  is  manually  leaned  by  the  pilot  by 
opening  a fuel  pump  bypass  valve  which  reduces  fuel  pump 
discharge  pressure.  Since  this  action  reduces  fuel  flow  with- 
out affecting  airflow,  the  fuel/air  ratio  is  reduced. 


Description  of  the  Fuel  System  Model 

Simulation  of  the  fuel  injection  system  involves  the  solution 
of  a fluid  flow  network  to  determine  the  flow  rate  and  pressures 
within  the  system.  The  approach  used  to  simulate  the  fuel 
system  is  described  in  detail  in  reference  3.  Using  this 
approach,  the  flow  versus  pressure  drop  relationship  for  each 
component  of  the  system  was  first  established  using  an  equation 
or  curve  fit  based  on  component  flow  testing.  Next,  a set  of 
governing  equations  was  established  using  two  basic  hydraulic 
principles : 

Flow  continuity  (1) 

E (flows  entering  a junction) = 0 

Continuity  of  Potential  (2) 

E (pressure  changes  across  a closed  flow 
path)  = 0 

These  equations  form  a set  of  nonlinear  simultaneous  equations 
which  can  be  solved  with  the  help  of  a computer  iterative 
technique.  The  technique  employed,  Hosenbrock's  algorithm, 
uses  initial  guesses  for  the  unknowns  and  improves  the  guesses 
using  the  set  of  simultaneous  equations.  Successive  iteration 
leads  to  a set  of  pressures  and  flow  rates  which  satisfy 
equations  1 and  2.  The  accuracy  of  the  initial  guesses  is  not 
critical  and  satisfactory  solutions  can  be  obtained  within 
about  5,000  iterations. 

The  fuel  system  model  employed  is  shown  in  figure  6.  There  are 
11  unknowns  for  the  system,  six  pressures  and  five  flow  rates: 
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PI  - Pump  inlet  Pressure,  X(l) 

P2  - Pump  discharge  pressure,  X(2) 

P3  - Fuel  metered  pressure,  X(3) 

P4  - Nozzle  inlet  pressure,  X(4) 

P6  - Variable  orifice  discharge  pressure,  X(5) 

P7  - Vapor  return  line  pressure,  X(6) 

WA  - Supply  line  flow  rate,  X(7) 

WB  - Pump  flow  rate,  X(8) 

WC  - Vapor  separator  flow  rate,  X ( 9 ) 

WD  - Variable  orifice  flow  rate,  X(10) 

WE  - Fuel  system  output  flow  rate,  X(ll) 

Of  course,  one  of  the  unknowns  is  the  desired  fuel  output  of 
the  system,  WE.  In  order  to  solve  for  the  11  unknowns,  there 
must  be  a set  of  11  simultaneous  equations.  These  are  composed 
of  two  flow  continuity  equations  and  nine  continuity  of 
potential  equations: 

Flow  continuity  at  junction  0 

WA-WE-WC=0  (3) 

Flow  continuity  at  junction  1 

WB-WA-WD=0  (4) 

PAMB-P1- (DP) SL  = 0 (5) 

Where  <Dp)SL  * Supply  Line  Pres- 
sure drop 

PAMB  = Ambient  pressure 
(known) 

P2-P1-  Pump  Pressure  Rise  = 0 (6) 

P2-P6-  Variable  Orifice  Pressure 

Drop  =0  (7) 

P6-P1-  Idle  Relief  Valve  Pressure 

Drop  = - 0 ( 8 ) 

P2-P7-  Vapor  Separator  Pressure 

Drop  =0  (9) 

P2-P3-  Control  Unit  Pressure 

Drop  =0  (10) 

P3-P4-  Mainfold  Valve  Pressure 

Drop  =0  (11) 
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P4-P5-  Nozzle  Pressure  Drop  = 0 (12) 

Where  P5  = Turbocharger  discharge 
pressure  (known) 

P7-P0-  Return  Line  Pressure  Drop  = 0 (13) 

Where  PO  = Ambient  pressure  (known) 

These  11  equations  were  formed  into  11  separate  computer  sub- 
routines. Each  subroutine  is  used  to  calculate  the  value  of 
one  of  the  sums  based  on  assumed  values  for  the  11  unknowns 
and  known  boundary  values.  The  correct  assumptions  for  the 
unknowns  will  yield  11  sums  which  each  equal  zero.  To  find 
a solution  to  the  problem  using  Rosenbrock's  algorithm,  an 
objective  function  is  formed  using  the  remainder  terms  from 
each  of  the  11  functions: 

F = FI2  + F32  + . . . + Fll2 

Where  FI  = WA-WE-WC 
F2  = WB-Wa-WD 

F3  = P0-P1  - Supply  line  pressure  drop 


!■! 


Fll  = P7-P0-  Return  line  pressure  drop 

After  calculating  the  objective  function  (F)  based  on  assump- 
tions for  the  11  variables,  new  values  for  the  unknowns  are 
formed  within  the  algorithm.  A new  value  of  the  objective 
function  is  calculated  using  the  11  subroutines.  If  the 
magnitude  of  the  objective  function  is  less  than  the  previous 
value,  the  new  values  for  the  unknowns  are  accepted.  Succes- 
sive iterations  are  continued  until  the  objective  function  is 
reduced  to  a small  positive  value.  The  magnitude  of  the 
objective  function  is  a measure  of  the  error  of  the  solution, 
and  can  be  used  as  a criteria  for  convergence.  For  this  study, 
the  maximum  value  of  the  objective  function  was  set  at  0.001 
which  gave  flow  rates  correct  to  within  approximately  0.10 
pounds  per  hour. 

The  use  of  subroutines  within  the  computer  code  gives  the 
simulation  the  flexibility  needed  to  allow  evaluation  of 
modifications  to  the  fuel  system.  Changes  which  would  require 
extensive  bench  and  flight  testing  of  the  entire  fuel  system 
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FIGURE  6.  FUEL  SYSTEM  MODEL 
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can  be  evaluated  by  bench  testing  only  the  new  component  to 
establish  the  flow/pressure  relationship.  Evaluation  of  the 
entire  fuel  system  can  then  be  made  using  the  simulation  by 
modifying  or  adding  subroutines. 

Operating  environment  (temperature  and  pressure),  engine  inputs, 
and  aircraft  installation  effects  on  fuel  system  output  can  be 
easily  evaluated  using  the  simulation. 

Evaluation  of  equations  3 thru  13  require  calculation  of  the 
pressure  changes  that  occur  in  each  component  based  on  the 
known  boundary  conditions  and  assumed  values  for  the  unknowns. 
Each  component  of  the  system  was  tested  to  determine  its  fluid 
behavior.  A description  of  the  model  used  for  each  fuel  system 
component  in  the  current  system  is  given  in  the  sections  which 
follow.  A complete  Fortran  IV  computer  listing  of  the  simula- 
tion is  given  in  the  appendix. 

1)  Flow  Continuity  Equations 


Flow  continuity  is  easily  calculated  using  equations 
3 and  4 and  assumed  values  for  the  unknown  flows: 

FI  = X( 7)  - X(ll)  - X (9 ) (Continuity  at  junction  0) 
F2  = X ( 8 ) - X(7)  - X ( 10)  (Continuity  at  junction  1) 

The  values  of  FI  and  F2  are  a measure  of  the  error  of  the 
assumed  values  for  variables  X(7)  thru  X(ll) , corresponding  to 
the  five  unknown  flow  rates  of  the  system. 

2)  Supply  and  Return  Lines 

The  pressure  drop  through  the  fuel  lines  was  calcu- 
lated using  an  appropriate  friction  factor  and  the 
methods  given  in  reference  4.  Line  pressure  drop 
is  calculated  as: 


AP  = Kf  * Q 


p*  (Z1-Z0) 


Where  Kf  = FF  * L/D  + Kq 

FF  = 64. /Re  for  laminar  flow  (Re  < 3000) 

FF  = Value  from  Moody  diagram  (figure  7)  for 
turbulent  flow 

L = Line  length  (inches) 

D = Line  diameter  (inches) 
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Kq  = Dimensionless  experimental  coefficient 

accounting  for  head  loss  in  bends,  valves, 
fittings,  etc.  Available  in  numerous 
handbooks,  (reference  4) 

Re  = Reynolds  number 

Re  = 


y = 
p = 
zo  = 
zi  = 
Q = 


w = 

A = 

The  friction  factor  (FF)  for  turbulent  flow  is  a function  of 
the  line  surface  roughness  relative  to  the  line  diameter  and 
Reynolds  number,  as  explained  in  reference  4.  Surface  rough- 
ness (EPSP)  was  estimated  to  be  125.  microinches. 

Fuel  viscosity  and  density  for  low  lead  100  Octane  (LL100) 
aviation  gasoline  (Avgas)  are  built  in  functions  of  temper- 
ature as  shown  in  figures  8 and  9 (reference  5) . 

For  turbulent  flow,  friction  factor  is  determined  by  inter- 
polation of  figure  7,  which  was  built  into  the  computer  code. 
The  friction  factor  for  laminar  flow  is  given  by  the  equation: 

FF  = 64. /Re  (reference  4) 


W X D 
yXA 


12. 

5600. 


Fluid  viscosity,  Lb^  / ft-sec 
Density  of  fluid  (lbm/ft^) 

Elevation  of  line  at  fluid  inlet  (inches) 
Elevation  of  line  at  flow  exit  (inches) 
Fluid  dynamic  head  (psi) 

1/2  * 


W * Iwj  *144. 

(3600) 2 (p)  (A2)  (32.2) 


Fluid  flow  rate  (pph) 


Cross-sectional  area  of  line  (in  ) 
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FIGURE  7.  FRICTION  FACTORS  FOR  FULLY  DEVELOPED  FLOW 
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FIGURE  8.  VARIATION  OF  FUEL  VISCOSITY  WITH  TEMPERATURE 


SPECIFIC  WEIGHT -lb./gal. 
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FIGURE  9.  SPECIFIC  WEIGHT  OF  100/130  AVGAS 
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3)  Fuel  Pump 

Bench  tests  were  used  to  establish  the  fluid 
behavior  of  the  rotary  vane  pump.  Data  from  these 
tests  is  plotted  in  figures  10  and  11.  Cross  plots 
of  the  data  show  that  pump  output  is  proportional 
to  pump  speed  for  a given  pump  pressure  rise  (figure 
12) . An  equation  for  the  pump  output  was  developed 
based  on  pump  displacement  and  experimentally 
determined  flow  rate: 


W = 
Where  n = 


P = 
DISP  = 
N = 
F ( AP) = 


(-“-*1^28.  "I~P — ) * (60  * N)  " F(AP) 

pump  efficiency  (93.7  percent  for  the 
pump  tested) 

fluid  density 

pump  displacement  (in3) 

pump  speed  (RPM) 

pump  leakage  flow  rate  (PPH)  (figure  13) 


Pump  leakage  is  due  to  internal  pump  flow  used  for 
bearing  lubrication  plus  vane  leakage.  This  flow  is 
independent  of  pump  speed  and  is  a function  of  the 
pressure  rise  across  the  pump  and  vane  tolerances  as 
shown  in  figure  13. 


4)  Variable  Orifice 

A cross-sectional  view  of  the  variable  orifice  is 
shown  in  figure  14.  Pressure  loss  through  the 
variable  orifice  depends  on  the  position  of  the 
orifice  rod  relative  to  the  body  of  the  orifice. 
Figure  15  shows  the  effect  of  varying  flow  rate  and 
orifice  position  on  orifice  pressure  loss  as 
determined  from  bench  tests.  For  constant  orifice 
position,  orifice  pressure  loss  is  proportional  to 
the  square  of  the  flow  rate.  Orifice  flow  area 
varies  as  shown  in  figure  16,  calculated  from  the 
known  orifice  and  rod  radii: 

A = IT  [(Ro)2  - (Rr)2] 

Where  Ro  * radius  of  unblocked  orifice 
Rr  = radius  of  orifice  rod 
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FIGURE  12.  VANE  PUMP  FLOW  MAP 
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RGURE  15.  VARIABLE  ORIFICE  CHARACTERISTICS 
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FIGURE  16.  VARIABLE  ORIFICE  FLOW  AREA 
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Based  on  the  experimental  data  and  analytical  area  calculations, 
an  orifice  dimensionless  K-factor  can  be  determined  as  a function 
of  orifice  area  as  shown  in  figure  17.  Orifice  pressure  loss  is 
then  calculated  using: 

DP  ■ K * Q 
Where 

Q * Orifice  dynamic  head  (psi) 

* 1/2  p * V2 

(32. '5)  (144.) 

and  V * mean  flow  velocity 

V * W * 144. 

p *'  A * 3600. 

W = Flow  rate  (pph) 

p * Density  (lbm/ft3) 

2 

A « Orifice  area  (in  ) 

This  equation  gives  an  orifice  pressure  drop  proportional  to 
the  square  of  the  orifice  flow  rate,  in  agreement  with  the  data 
in  figure  15. 

In  order  to  determine  the  orifice  pressure  loss,  the  position 
of  the  orifice  must  be  known.  The  effect  of  reference  pressure 
on  aneroid  movement  is  shown  in  figure  18.  Tests  indicate  that 
changes  in  temperature  do  not  produce  significant  aneroid 
movement.  Changes  in  temperature  from  80°  F to  150°  F cause 
aneroid  movements  on  the  order  of  0.005  inches.  Aneroid  temper- 
ature insensitivity  is  ideal,  since  the  temperature  of  the 
aneroid  is  not  representative  of  induction  air  temperature. 

Fuel  pressure  on  the  orifice  rod  produces  movement  of  the  rod, 
since  the  aneroid  behaves  as  a linear  spring  (figure  19).  Be- 
cause of  the  interaction  of  fuel  pressure  forces  on  aneroid 
movement  and  vice  versa,  orifice  pressure  loss  must  be  deter- 
mined by  iteration.  The  final  orifice  rod  position  is  given  by: 

<S  - i adj.  ♦ AMS  (P^j  - Pj)  - RF  (14) 

Where  6 adj  * Orifice  rod  adjusted  position 
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FIGURE  17.  VARIABLE  ORIFICE  LOSS  FACTOR 
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ANEROID  DEFLECTION  (6. 


TURBO  DISCHARGE  PRESSURE  (P5)~:IN  OF  MERCURY 

FIGURE  18.  ANEROID  TEST  RESULTS 
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FIGURE  19.  ANEROID  DEFLECTION  DUE  TO  AXIAL  FORCE 
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padj  = Turbo  discharge  pressure  when  orifice  was 
adjusted 

P,j  = Turbo  discharge  pressure  for  present  operating 
conditions 

AMS  =■  Slope  of  aneroid  movement  versus  pressure 
(figure  18) 

K - Spring  constant  of  the  aneroid  (figure  19) 

RF  = Fuel  pressure  force  on  variable  orifice  rod 

Orifice  position  (6)  as  obtained  from  equation  14  is  zero  when 
the  orifice  if  full  closed  (see  figure  16) . 

5)  Idle  Relief  Valve 

The  idle  relief valve  is  a spring-loaded  valve  used 
to  set  a minimum  discharge  pressure  for  the  pump.  A 
cross-sectional  view  of  the  relief  valve  is  shown  in 
figure  14.  An  adjustable  spring  and  the  action  of 
the  pump  reference  pressure  (turbo  discharge  pressure, 
Pc)  on  the  valve  diaphragm  act  to  close  the  valve. 

Tne  fluid  pressure  of  the  Avgas  is  higher  at  the 
valve  inlet  than  at  the  valve  discharge,  producing 
a force  across  the  valve  orifice  (Av)  which  tends  to 
open  the  valve.  Static  equilibrium  of  forces  on  the 
valve  yields  equation  15  for  the  valve  pressure 
drop: 


AP. 


Ks  * ALS  + (P5-Pds) Ae 


(15) 


Av 


I 


APv 

= 

Valve 

pressure  drop  (Lb^/in2) 

Av 

= 

Valve 

flow  area  (in^) 

Av 

= 

ttRI2 

Rl 

=* 

Valve 

orifice  radius  (0.31  inches) 

P5 

cs 

Turbo 

discharge  pressure  (Lbf/in2) 

pds 

- 

Valve 

downstream  pressure  (Lbf/in^ 

Ae 

s 

Diaphragm  effective  area  (sq  in) 

Ks 

s 

Valve 

spring  constant  (Lbf/inch) 

ALS 

= 

Ground-adjusted  spring  oerpressian  (inch) 
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Note  that  the  valve  pressure  drop  is  independent  of  flow  rate. 
This  was  found  to  be  true  from  testing  and  is  due  to  the  rather 
large  orifice  area  and  relatively  weak  valve  spring  (low  spring 
constant,  Ks) . A small  movement  of  the  valve  provides  sufficient 
flow  area  for  the  required  bypass  flow  (at  relatively  low 
pressure  drop  across  the  valve) . Increase  of  the  spring  force 
due  to  this  movement  is  small  compared  to  the  initial  spring 
force  typical  of  correct  idle  adjustment. 

The  unknown  constants  in  equation  15  were  determined  from  bench 
tests.  Partial  differentiation  of  this  equation  at  constant 
turbo  discharge  and  valve  exit  pressure  gives: 

d (APv)  = Ks  (P5  and  Pds  Constant) 

<3At.S  Av 

which  is  the  slope  of  the  pressure  drop  versus  spring  adjustment 
curve  given  in  figure  20.  From  the  slope  of  the  curve  and  known 
valve  area,  the  spring  constant  was  determined  to  be  13.7  lbf/ 
inch. 

Simularily,  the  effect  of  turbo  discharge  pressure  on  valve 
pressure  drop  at  constant  spring  load  and  valve  exit  pressure 
can  be  expressed  as: 

d (APv)  = Ae  <5adj  and  Pds  Constant) 

A P5  Av 


which  is  the  slope  of  the  line  of  data  in  figure  21.  From  the 
slope  of  the  curve  and  known  valve  area,  the  diaphragm  effective 
area  was  determined  to  be  0.334  in2.  with  the  constants  deter- 
mined from  bench  tests,  equation  15  can  be  used  to  calculate  the 
relief  valve  pressure  drop. 


6)  Vapor  Separator 

The  vapor  separator  pressure/flow  relationship  was 
determined  experimentally  and  is  given  in  figure  22. 
The  internal  passage  connecting  the  pump  discharge 
and  inlet  to  the  vapor  separator  was  blocked  and 
tapped  to  measure  vapor  separator  flow  rate.  Flew  rate 
was  found  to  be  insensitive  to  small  changes  in  pump 
inlet  pressure  or  vapor  separator  back  pressure. 
Figure  22  was  built  into  the  computer  model  using  a 
data  block  with  linear  inter  polation  between  data 
points . 
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VALVE  PRESSURE  DROP  (APv)~  psid 


FIGURE  20.  EFFECT  OF  RELIEF  VALVE  ADJUSTMENT 
ON  VALVE  PRESSURE  LOSS 
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RELIEF  VALVE  PRESSURE  DROP  (APv)~PSID 


TURBO  DISCHARGE  PRESSURE  (? 5) 

INCHES  OF  MERCURY 

FIGURE  21.  EFFECT  OF  TURBO  DISCHARGE 
PRESSURE  ON  RELIEF  VALVE 
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RGURE  22.  VAPOR  SEPARATOR  FLOW  RATE 
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7)  Throttle  Orifice 

Final  fuel  metering  is  accomplished  by  the  throttle 
orifice,  which  is  mechanically  linked  directly  to  the 
engine  throttle.  Orifice  area  is  varied  by  the 
rotation  of  a cam  in  relation  to  an  orifice,  as  shown 
in  figure  23.  A closed  form  solution  for  the  orifice 
area  as  a function  of  throttle  angle  was  found  and  is 
plotted  in  figure  24. 

Throttle  pressure  losses  as  determined  from  bench 
testing  are  plotted  in  figure  25.  Pressure  losses  for 
constant  throttle  setting  are  proportional  to  the 
square  of  the  flow  rate  as  indicated  by  the  curves. 
Throttle  pressure  losses  are  given  by: 


APt  = K * Q 

Where  K = 1.5  = dimensionless  experimental 

coefficient  as  determined 
from  test 


and 


Q = dynamic  head 

= 1/2  pv2  psi 

(32.2)  <144.) 

p = fluid  density  (lbm/ft^) 

V = velocity  of  fuel 

V = W * 144. 

pACd  3600. 

W = Orifice  flow  rate  (pph) 

A = Orifice  physical  area  (in^)  (figure  24) 

Cd  = Orifice  discharge  coefficient 

(figure  26) 


Orifice  discharge  coefficient  is  a measure  of  the  flow 
area  to  the  physical  area: 

Flow  area  = Cd  * physical  area 

Figure  26  gives  the  experimentally  determined  dis- 
charge coefficient  for  the  throttle  orifice  as  a 
function  of  orifice  physical  area. 
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FIGURE  26.  THROTTLE  ORIFICE  DISCHARGE  COEFFICIENT 
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8)  Manifold  Valve  and  Nozzles 

The  manifold  valve,  nozzle  lines  and  nozzles  are 
factory  calibrated  as  a unit.  Figure  27  gives  the 
relationship  between  fuel  flow  and  metered  pressure. 
Metered  fuel  pressure  is  defined  as  the  difference 
between  fuel  pressure  at  the  manifold  inlet  and 
nozzle  reference  (turbo  discharge)  pressure.  Fuel 
flow  through  the  nozzle  was  found  to  be  independent 
of  manifold  pressure.  Turbo  discharge  pressure  is 
fed  to  the  fuel  jet  as  shown  in  figure  28  and  prevents 
manifold  pressure  from  affecting  fuel  flow. 

Simulation  Checkout 


A number  of  comparisons  between  simulation  predictions  and  test 
data  were  made  to  check  the  computer  simulation.  Fuel  bench 
tests  of  the  entire  fuel  system  were  made  to  generate  data  for 
comparison.  When  possible,  the  simulation  was  compared  directly 
with  recorded  engine  data.  However,  throttle  angle  is  rarely 
recorded  during  engine  tests,  and  the  accuracy  of  the  throttle 
readings  are  questionable.  Bench  tests  of  the  complete  fuel 
system  were  made  to  simulate  engine  data  by  matching  engine 
speed,  turbo  discharge  pressure,  and  metered  fuel  pressure  as 
recorded  during  engine  calibration  testing  (reference  6).  Care- 
ful measurements  of  the  throttle  angle  were  then  made  for  input 
to  the  simulation. 

The  simulation  was  first  "trimmed,"  using  the  variable  orifice 
adjustment  corresponding  to  ground  trim  on  the  actual  system. 
Figure  29  shows  the  manufacturer's  recommended  flow  rate  and 
pressure  at  high  power,  as  a function  of  the  variable  orifice 
ground  trim.  The  simulation  was  trimmed  to  the  middle  of  the 
recommended  bands  for  fuel  flow,  metered  fuel  pressure,  and  pump 
discharge  pressure.  Idle  flow  rate  was  trimmed  by  adjusting  the 
idle  relief  valve  to  7.1  pph  at  700  rpm.  Fuel  pump  discharge 
pressure  at  idle  was  6.7  psig.  Continental's  spec  idle  trim  is 
6 to  8 pph  at  700  rpm,  with  a pump  pressure  of  6.5  + 0.25  psig. 

After  trimming,  the  simulation  predictions  were  compared  to  test 
data.  Figure  30  shows  the  simulation  predictions  (connected  by 
solid  line)  compared  to  fuel  bench  test  data.  The  engine  condi- 
tions simulated  on  the  fuel  bench  correspond  to  engine  prop  load 
conditions,  with  horsepower  ranging  from  20  to  100  percent  of 
maximum  continuous  power.  The  difference  between  the  predicted 
and  measured  flow  rate  is  within  the  accuracy  of  the  bench 
measurements.  Pump  discharge  pressure  agreed  well  with  measured 
values. 

The  effect  of  turbo  discharge  pressure  on  fuel  system  output  is 
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FIGURE  27.  METERED  FUEL  ASSEMBLY  CALIBRATION 
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FIGURE  28.  FUEL  NOZZLE  DESIGN 
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FIGURE  29.  SIMULATED  HIGH  POWER  TRIM  ADJUSTMENT 
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shown  in  figure  31  for  2,b75  rpm  (100  percent  power)  and  2,450 
rpm  (75  percent  power) . Turbo  discharge  pressure  affects  the 
flow  rate  through  the  idle  relief  valve,  variable  orifice,  and 
nozzles.  The  comparison  shown  in  figure  31  demonstrates  the 
validity  of  the  simulation  of  these  components. 

A direct  comparison  between  the  simulation  predictions  and  engine 
data  is  shown  in  figure  32,  for  constant  engine  speed  and  vary- 
ing manifold  pressure.  Engine  power  ranged  from  40  to  100  percent 
of  maximum  continuous  power.  Maximum  error  is  less  than  10  per- 
cent fuel  flow  at  the  low  power  fuel  flow.  The  error  for  high 
power  was  typically  less  than  3 percent,  which  is  within  the 
measurement  tolerance. 
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FIGURE  31.  COMPARISON  OF  FUEL  SYSTEM  SIMULATION 
WITH  FUEL  BENCH  TEST  DATA 
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RGURE  32.  COMPARISON  OF  FUEL  SYSTEM  SIMULATION 
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CONCEPTS  TO  IMPROVE  FUEL  INJECTION 


During  phase  1 of  the  contract,  an  investigation  of  the  effects 
of  leaning  on  engine  emissions  for  the  NAFEC  seven-mode  LTO  cycle 
was  completed.  A review  of  this  study  was  made  to  determine  the 
reduction  of  emissions  that  could  be  expected  for  a TSIO-360-C 
engine,  assuming  a means  of  reducing  the  engine  acceleration  lean 
limit  could  be  found.  Table  1 repeats  the  information  for  the 
baseline  emissions  of  the  engine  reported  in  reference  1,  and 
shows  hydrocarbons  to  be  212  percent  of  the  proposed  standards. 
Emissions  of  carbon  monoxide  and  oxides  of  nitrogen  were  found 
to  be  193  percent  and  9 percent  of  the  proposed  standards,  re- 
spectively. Table  1 also  shows  the  emissions  predicted  provided 
the  engine  acceleration  lean  limit  was  reduced  to  0.065  fuel/air 
ratio  at  low  power.  These  predictions,  based  on  the  results 
found  in  phase  I of  the  contract,  show  that  the  hydrocarbon 
emissions  would  be  reduced  from  212  percent  to  48  percent  of  the 
proposed  EPA  standards.  Carbon  monoxide  emissions  would  be  re- 
duced to  140  percent  of  the  EPA  standards,  and  emissions  of  nit- 
rogen oxides  would  remain  below  the  EPA  standards,  increasing  to 
46  percent.  Take-off  and  climb  fuel  flows  were  assumed  to  be 
mean  values  (baseline  flows)  within  the  current  fuel  flow  band. 
These  high  power  conditions  are  engine  temperature  limited  and  the 
engine  must  be  cooled  with  sufficient  fuel  as  determined  by  flight 
testing  a particular  installation.  The  target  value  of  0.065 
fuel/air  ratio  was  picked  as  a value  obtainable  by  modifying  the 
current  Continental  fuel  system  and  air  intake  manifold.  Contin- 
ental engines  have  demonstrated  acceptable  acceleration  below 
0.065  fuel/air  ratio  with  more  sophisticated  fuel  systems  and  in- 
take manifolds. 

Some  methods  for  reducing  the  engine  lean  limit  for  acceleration 
and  improving  fuel/air  ratio  control  are  given  below.  The  tran- 
sient response  of  the  turbocharger  discharge  pressure  and  flow 
rate  during  acceleration  must  be  known  in  order  to  tailor  the 
fuel  system  response  to  sensed  parameters. 

1)  Temperature  Compensation 

The  current  fuel  system  has  no  means  of  temperature 
compensation.  This  means  the  fuel  system  must  be 
adjusted  for  acceptable  engine  acceleration  at  the 
lowest  expected  ambient  temperature.  The  effect  of 
ambient  temperature  on  fuel/air  ratio  for  constant 
fuel  flow  is  shown  in  figure  33.  Given  a minimum 
fuel/air  ratio  acceleration  limit  at  0°  F,  increasing 
ambient  temperature  increases  the  operating  fuel/air 
ratio.  Temperature  compensation  can  be  added  to  the 
Continental  system  using  a N-Propyl  Alcohol  filled 
aneroid  (figure  34).  The  aneroid  movement  necessary 
to  maintain  constant  fuel/air  ratio  with  varying 
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TABLE  I 

BREAKDOWN  OF  EMISSIONS  BY  ENGINE 
OPERATING  CONDITION 
TSIO-360-C  ENGINE 

All  Values  Are  Percent  of  Proposed  EPA  Standards 


HC  EMISSIONS 

Operating 

Condition 

Taxi 

Idle 

Climb 

Approach 

Take-off 

Baseline 
Emissions  (%) 
TSttTS 

24.0 

20.4 

11.9 

1.3 

Total 

212.1 

CO  EMISSIONS 

Operating 

Condition 

Climb 

Approach 

Taxi 

Take-off 

Idle 

Baseline 
Emissions  (%) 
102.3 

54.8 

26.4 

9.5 

Neg 

Total 

19-3.0 

NO  EMISSIONS 

Operating 

Condition 

Approach 

Climb 

Taxi 

Idle 

Take-off 

Baseline 
Emissions  (%) 
7.1 

0.4 

0.7 

0.6 

Neg 

Total 

8.8 

(1) 

Leaned 

Emissions  (%)  Limit 


10.5 

Accel 

11.0 

Accel 

20.4 

Temp 

4.9 

Accel 

1.3 

Temp 

48.1 

(1) 

Leaned 

Emissions  (%) 

Limit 

" 1(52.3 

Temp 

15.9 

Accel 

12.3 

Accel 

9.5 

Temp 

Neg 

Accel 

140.0 

(1) 

Leaned 

Emissions  (%) 

Limit 

38.6 

Accel 

3.3 

Temp 

1.9 

Accel 

2.0 

Accel 

Neg 

Temp 

46.0 


v 


(1)  Acceleration  limit  assumed  to  be  reduced  to  0.065  fuel/air  ratio  by 
improving  manifold  and  fuel  management. 


CONSTANT  FUEL  FLOWRATE 


FIGURE  33.  EFFECT  OF  AMBIENT  AIR  TEMPERATURE 
ON  ENGINE  FUEL  /AIR  RATIO 
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FIGURE  34.  TEMPERATURE  SENSING  ANEROID  DESIGN 
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ambient  air  temperature  is  shown  in  figure  35.  This 
information  is  based  on  simulation  predictions  at 
taxi  (1200  rpm) . Also  shown  is  the  deflection  of  an 
available  temperature-sensing  aneroid.  The  sensing 
bulb  volume  can  be  reduced  to  obtain  the  desired  ane- 
roid response. 

2 ) Improved  Nozzle  Vaporization 

Fuel  vaporization  is  drastically  reduced  during 
engine  acceleration.  During  steady  state  idle  or  taxi 
operation,  the  throttle  is  nearly  closed,  giving  a 
pressure  difference  betv/een  turbocharger  discharge 
pressure  and  manifold  pressure.  Nozzle  vaporization 
is  aided  by  an  air  pressure  differential  of  approxi- 
mately 5 psi.  For  these  conditions,  the  nozzles  emit 
a fine  mist  of  partially  vaporized  fuel  to  the  mani- 
fold. When  the  throttle  is  suddenly  opened  to 
accelerate,  this  nozzle  pressure  differential  vanishes. 
Fuel  is  emitted  as  a steady  liquid  stream  into  the 
manifold,  with  very  little  nozzle  vaporization. 

Figure  36  shows  a method  for  improving  fuel  vaporiza- 
tion during  engine  acceleration.  Acceleration  is 
inhibited  by  the  slow  response  of  the  turbocharger, 
so  that  the  turbocharger  compressor  acts  as  a throttle 
to  the  engine.  The  pressure  differential  across  the 
turbocharger  compressor  is  used  by  the  system  shown 
in  figure  36  to  improve  fuel  vaporization  during 
acceleration.  The  action  of  the  check  valves  feeds 
turbocharger  inlet  pressure  to  the  nozzles  when  com- 
pressor inlet  pressure  exceeds  discharge  pressure. 

3)  Modified  Aneroid  Response 

The  action  of  the  aneroid  during  engine  acceleration 
tends  to  reduce  fuel  flow  as  the  sensed  turbocharger 
pressure  drops  from  near  ambient  at  steady  state 
conditions  with  sudden  throttle  opening.  The  momen- 
tary pressure  drop  across  the  compressor  which  occurs 
due  to  slow  turbocharger  response  is  sensed  by  the 
aneroid.  The  aneroid  expands  and  opens  the  variable 
orifice,  reducing  fuel  system  output.  This  is  a de- 
sirable action,  since  the  turbocharger  is  acting 
essentially  like  a throttle,  reducing  engine  airflow. 
However,  the  response  of  the  aneroid  can  be  adjusted 
using  the  system  shown  in  figure  37,  for  momentary 
enrichment  relative  to  the  current  system.  This 
could  be  used  to  counter  the  effects  of  leaning  at 
steady  state  conditions,  and  thus  reduce  the  acceler- 
ation lean  limit.  The  probable  response  of  such  a 
system  would  be  as  shown  qualitatively  in  figure  38. 


-54- 


REFERENCE  PRESSURE 
TO  NOZZLES 


FIGURE  36.  FUEL  SYSTEM  MODIFICATION  FOR  IMPROVED 
FUEL  VAPORIZATION  DURING  ACCELERATION 
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FIGURE  37.  FUEL  SYSTEM  MODIFICATION  FOR  OFF-IDLE 
ENRICHMENT  DURING  ACCELERATION 


PRESSURE-  IN.  MERCURY 
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FIGURE  38.  DELAYED  REFERENCE  PRESSURE  RESPONSE 


DURING  ENGINE  ACCELERATION 
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Although  the  induced  lag  of  the  system  intially  en- 
riches the  mixture,  the  effect  is  reversed  as  the 
turbocharger  compressor  pressure  begins  to  increase. 
Adjustment  of  the  orifice  and  volume  would  change  the 
lag  of  the  system,  and  could  be  tailored  for  improved 
fuel  flow  during  acceleration. 

4)  Manifold  Pressure  Compensation 

The  present  fuel  injection  system  senses  turbo 
discharge  pressure  to  adjust  the  fuel  output  with 
changes  in  air  pressure.  Turbo  discharge  pressure 
can  be  used,  since  the  fuel  system  is  also  linked 
to  the  throttle.  However,  air  density  and  therefore 
engine  airflow  are  directly  proportional  to  manifold 
pressure.  A more  direct  method  of  pressure  compen- 
sation is  to  adjust  fuel  output  with  manifold  pres- 
sure. With  fuel  flow  compensation  due  to  manifold 
pressure  and  temperature,  density  compensation  could 
be  obtained. 

These  are  just  a few  of  the  many  possible  schemes  for  improving 
fuel  management.  Using  the  computer  model  developed  for  the 
fjel  system  and  the  transient  response  of  the  engine  as  deter- 
mined from  engine  test  data,  the  merits  of  such  schemes  can  be 
evaluated.  However,  changes  to  the  fuel  injection  system  alone 
would  not  be  sufficient  to  minimize  the  acceleration  lean  limit. 
Engine  experience  indicates  that  the  manifold  system  must  be 
modified  to  improve  air  distribution  to  the  cylinders.  To  at- 
tain the  minimum  lean  limit  for  acceleration,  the  air  should  be 
equally  distributed  to  the  cylinders  at  all  engine  operating 
conditions . 


CONCLUSIONS 


From  the  results,  it  is  concluded  that: 

1)  A computer  simulation  of  the  TCM  fuel  injection  system  has 
been  developed  which  predicts  accurately  the  fuel  flow  for  the 
TSIO-360-E  system.  Changes  in  fuel  flow  due  to  varying  engine 
conditions,  ambient  conditions,  and  fuel  system  adjustments  can 
be  predicted. 

2)  Reduced  emissions  and  improved  fuel  economy  at  the  full  rich 
setting  for  cruise  power  and  below  can  be  attained  by  adding 
temperature  compensation  to  the  fuel  system.  Temperature  compen- 
sation would  reduce  fuel  flow  for  engine  operation  at  high 
intake  temperature. 

3)  Improved  fuel  management  during  acceleration  along  with 
better  airflow  distribution  would  reduce  the  acceleration  lean 
limit  and  emissions  in  the  aircraft  landing  and  take-off  (LTO) 
cycle.  If  modifications  are  sufficient  to  reduce  the  accelera- 
tion lean  limit  to  0.065  fuel/air  ratio,  hydrocarbon  emissions 
can  be  reduced  to  61  percent  of  the  EPA  emission  standaxds  for 
the  NAFEC  seven-mode  LTO  cycle.  Carbon  monoxide  emissions  would 
be  reduced  from  193  percent  to  140  percent  of  the  standards. 
Emissions  of  nitrogen  oxides  would  remain  below  the  standards 

at  46  percent. 
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APPENDIX 


OPERATING  INSTRUCTIONS 
FOR 

TSIO-360-E  FUEL  INJECTION  SYSTEM  COMPUTER  SIMULATION 


Input  to  the  computer  simulation  of  the  Continental  TSIO- 
360-E  fuel  injection  system  consists  of  the  engine  operating 
conditions  and  fuel  system  adjustments  necessary  to  establish 
the  operating  conditions  of  the  system.  A complete  listing  of 
the  input  is  given  in  Table  A-l.  Several  computer  runs  are 
necessary  to  establish  the  input  values  for  valve  positions  re- 
quired to  simulate  a particular  fuel  system  trim.  This  process 
is  analogous  to  the  actual  trimming  of  the  fuel  injection  system. 
Two  trims  are  required: 

(1)  Idle  Trim.  Computer  runs  are  made  simulating  idle 
speed  (700  rpm)  and  throttle  position  (72°  from  full  open 
throttle)  with  several  values  for  idle  relief  valve 
adjustment  (SAL) . These  results  can  be  used  to  determine 
the  approximate  relief  valve  setting  required  to  give  the 
desired  idle  pump  discharge  pressure  (X2  minus  ambient 
pressure,  PAMB) . This  pressure  is  generally  set  to  be  6.0 
to  6.5  psig.  Next,  the  idle  fuel  flow  adjustment  (ADJCU) 
is  varied  to  establish  the  correct  input  to  give  the 
desired  metered  fuel  pressure  at  idle.  This  pressure  is 
calculated  from  the  computer  output  for  absolute  metered 
fuel  pressure  (X3,  psia)  minus  turbo  discharge  pressure 
(P5,  psia),  turbo  discharge  pressure  at  idle  is  normally 
equal  to  ambient  pressure.  Idle  metered  fuel  pressure  is 
generally  set  to  be  3.5  to  4.0  psid  (referenced  to  turbo 
discharge  pressure) . 

(2)  Full  Power  Trim.  The  simulation  is  next  adjusted  at 
full  power  (defined  as  2575  rpm,  40.  inches  manifold 
pressure)  using  the  variable  orifice  adjustment  input.  The 
throttle  settings  for  full  power  can  be  determined  from 
actual  engine  data.  Correct  full  power  throttle  settings 
are  specified  by  Continental  as  a function  of  density 
altitude.  For  engine  ground  trims,  the  exhaust  waste 

gate  is  adjusted  to  obtain  40  inches  of  manifold  pressure 
at  a specified  throttle  setting.  This  full  throttle  set- 


■MMI  mmmm 


ing  is  a function  of  density  altitude  as  specified  in 
figure  A-l.  Using  the  full  throttle  setting  (ALFA)  as 
established  from  engine  data  or  from  figure  A-l,  the 
variable  orifice  position  (ADJVO)  is  varied  to  obtain  the 
desired  metered  fuel  pressure  (X3  minus  P5)  or  metered  fuel 
flow  (Xll) . Full  power  metered  fuel  pressure  is  generally 
set  between  16.0  and  17.0  psid  (relative  to  turbo  discharge 
pressure ,P5) . Corresponding  metered  fuel  flows  are  130  to 
140  pph.  During  the  trim  at  idle  and  full  power,  aneroid 
reference  pressure  (PREF)  is  set  equal  to  trim  full  power 
turbo  discharge  pressure  (approximately  43  to  44  inches  of 
mercury) . This  pressure  should  be  held  constant  for  sub- 
sequent simulations  for  the  same  trim  setting.  Aneroid 
movement  with  changes  in  turbo  discharge  pressure  is 
referenced  to  PREF,  which  may  be  regarded  as  a trim  parame- 
ter. 

After  triming  the  simulation,  subsequent  simulations  can  be  made 
varying  altitude,  engine  speed,  turbo  discharge  pressure, 
throttle  angle,  or  any  other  input  parameter  desired  to  match  a 
given  operating  condition. 

Deck  output  consists  of  the  results  of  the  iteration  process 
(XI  thru  Xll)  after  every  100  completed  iteration  loops,  along 
with  a parameter  labeled  "B".  This  parameter  is  the  magnitude 
of  the  objective  function  as  described  in  the  discussion  section 
of  this  report.  The  iteration  continues  until  the  value  of  the 
objective  function  is  less  than  the  value  input  of  TOL  (Card  2) 
or  until  the  number  of  iterations  exceeds  nmax.  The  values  of 
XI  thru  Xll  corresponding  to  the  sample  output  are  given  below, 
followed  by  a complete  listing  of  the  FORTRAN  source  program. 


Computer 

Output 

Fuel  System  Parameter 

Units 

Idle 

Value 

Full  Power 
Value 

XI 

PI, Pump  Inlet  Pressure 

psia 

14.63 

10.82 

X2 

P2,Pump  Discharge  Pressure 

psia 

21.40 

59.15 

X3 

P3,  Absolute  Metered  Fuel 
Pressure 

psia 

18.59 

38.88 

X4 

P4,  Nozzle  Pressure 

psia 

14.79 

33.21 

X5 

P6,  Variable  Orifice 

Discharge  Pressure 

psia 

20.96 

28.80 

X6 

P7,  Vapor  Separator 

Discharge  Pressure 

psia 

14.77 

15.39 

X7 

Supply  Line  Flow  Rate 

pph 

26.20 

199.6 

X8 

Pump  Flow  Rate 

pph 

149.1 

574.8 

X9 

Vapor  Separator  Flow  Rate 

pph 

19.05 

58.77 

X10 

Variable  Orifice  Flow  Rate 

pph 

122.9 

375.2 

Xll 

Metered  Fuel  Flow  Rate 

pph 

7.14 

140.8 

B 

Remainder  Term 

0.00094 

0.0085 

N 

Number  of  Iterations 

- 

1891 

2500 
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FIGURE  A-1.  INSTRUCTIONS  FOR  ADJUSTMENT 
OF  EXHAUST  GAS  WASTEGATE 
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TABLE  A-l 


to  Fuel  Injection  System  Simulation 

ColuTn  Synbol  Description 
General  Information 


Typical  values 
units  Idle  Full  Power 


1-10 

TF 

Fuel  Temperature 

°F 

80 

80 

11-20 

PAJB 

Ambient  Pressure 

psia 

14.7 

14.7 

21-30 

POOWL 

Engine  Cowl 

Pressure 

psia 

14.7 

14.7 

31-40 

P5 

Turbo  Discharge 

Pressure  ' 

inches 
of  mercury 

43.5 

43.5 

41-45* 

N 

Nurber  of  Unknowns 
(integer) 

• 

11 

11 

Iteration  Parameters 

1-10 

ALPHA 

Forward  step  Size 
for  Iteration  (see 
text) 

5.0 

5.0 

11-20 

TQL 

Maximum  value  for 
Rsreinder  Term  (see 
text) 

0.001 

0.00] 

21-25* 

NNffVX 

Limit  on  Maximum  Nurber  - 
of  Iterations  Allowed 
to  Converge 

2500 

2500 

Initial 

Guesses  for  unknowns 

1-10 

XD(1) 

Putp  Inlet  Pressure 
(PI) 

psia 

14.7 

10.7 

11-20 

XD(2) 

Purp  Discharge  Pressure 

(P2)  psia 

20.7 

47.2 

21-30 

XD(3) 

Absolute  Metered  Fuel  psia 
Pressure  (P3) 

18.2 

37.2 

31-40 

XD(4) 

Nozzle  Pressure  (P4)  psia 

16.0 

31.6 

41-50 

XD(5) 

variable  Orifice 
Discharge  Pressure 

psia 

(P6) 

20.0 

27.8 

51-60 

61-70 

X0(6) 

XD(7) 

vapor  Separator  psia 

Discharge  Pressure  (P7) 

Supply  Line  Flow  Rate  pph 

14.7 

23.0 

14.7 

181.0 

* Integer  value.  Input  Right  Adjusted  in  Input  Field. 
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Table  A-l  (oont'd) 


Card 

Colum 

Synbol 

Description  units 

Typical  Values 
Idle  Full  Power 

71-80 

X0(8) 

Puip  Flow  Rate 

Pt* 

150. 

617. 

4 

Initial 

Guesses  for  Lhkncwns  (continued) 

1-10 

XD(9) 

Vapor  Separator  Flow 
Rate 

FPh 

17.0 

53.9 

11-20 

XD(10) 

Variable  Orifice  Flow 
Rate 

127. 

436. 

21-30 

X0(11) 

Metered  Fuel  Flow 

Rate 

PPh 

6.0 

127. 

5 

Supply 

Line  Data 

1-10 

XK 

Line  K-Factor  (Ref 3) 

- 

4.45 

4.45 

11-20 

DP 

Line  Diameter 

Inch 

0.20 

0.20 

■ 

21-30 

XL 

Line  Length 

Inch 

180. 

180. 

31-40 

EPSP 

Line  Surface  Rough- 
ness (Ref  3) 

Inch 

0.000125  0.000125 

41-50 

ZO 

Line  Elevation  at 

Fuel  Tank  Relative  to 
an  Arbitrary  Datun 

Inch 

0. 

0. 

1- 

51-60 

Z1 

Line  Elevation  at 

Pimp  Inlet  Relative 
to  Same  Datun 

Inch 

0. 

0. 

6 

Fuel  Purp  Data 

! i , 

. 

1-10 

RPM 

Purp  Speed  (Equals 
Engine  Speed  for 
TSIO-360-E) 

rpm 

700 

2575 

• 

11-20 

DISP 

Purp  Displacement  cu. inch 

0.226 

0.226 

21-30 

EFF 

Purp  Efficiency 

- 

0.9371 

0.9371 

7 

Variable  Orifice 

Data 

1-10 

ADJVD 

Variable  Orifice 
Adjustment 

inch 

0.145 

0.145 

11-20 

PRRF 

Aneroid  Reference 
Pressure 

inches 

mercury 

43.5 

43.5 

21-30 

AMS 

Slope  of  Aneroid 
Movement  with 

in/inch 

mercury 

.00925 

.00925 

Pressure 
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Table  A-l  (Oont'd) 


Typical  Values 
Idle  Pull  Fewer 


Card  Oolum 

Symbol 

Description 

Chits 

Idle  Fu 

11  Fcwei 

31-40 

EROR 

Allowable  Error  in  in 

Variable  Orifice 

Iteration  Loop. 

Ilaxirmxn  position  error 

0.01 

0.01 

8 Relief  Valve  Data 

1-10 

XK 

Idle  Relief  Valve 
Spring  Constant 

lb/in 

inch 

13.7 

13.7 

11-20 

RD 

Pressure  Disk 
Effective  Radius 

inch 

0.326 

0.326 

21-30 

SAL 

Idle  Relief  Valve 
Spring  Length 

inch 

0.362 

0.362 

Adjustment 


9 Throttle  Data 


1-10 

AIFA 

Throttle  Angle  Prom 
Full  Open  Throttle 

degrees 

72.0 

24.0 

11-20 

AQJCU 

Idle  Fuel  Flow 
Adjustment 

degrees 

5.0 

5.0 

Manifold  Valve  Data 

1-10 

SALM 

Manifold  Valve  Spring  inch 
Adjustment  (set  at 
factory) 

0.2452 

0.2452 

Vapor 

Return  Line  Data 

1-10 

XKR 

Line  K-Factor  (Ref3) 

- 

16.4 

16.4 

11-21 

ER 

Line  Daimeter 

inch 

0.20 

0.20 

21-30 

XLR 

Line  Length 

inch 

180. 

180. 

31-40 

EPSR 

Line  Surface 

Roughness  (Ref  3) 

inch 

0.000125 

0.000125 

Computer  Program  listing  is 


attached. 
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